The possibility to operate massive mechanical resonators in the quantum regime has become central in fundamental sciences, in particular to test the boundaries of quantum mechanics. Optomechanics, where photons (e.g. optical, microwave) are coupled to mechanical motion, provide the tools to control mechanical motion near the fundamental quantum limits. Reaching single-photon strong coupling would allow to prepare the mechanical resonator in non-Gaussian quantum states. Yet, this regime remains challenging to achieve with massive resonators due to the small optomechanical couplings. Here we demonstrate a novel approach where a massive mechanical resonator is magnetically coupled to a microwave cavity. By improving the coupling by one order of magnitude over current microwave optomechanical systems, we achieve single-photon strong cooperativity, an important intermediate step to reach single-photon strong coupling. Such strong interaction allows for cooling the mechanical resonator with on average a single photon in the microwave cavity. Beyond tests for quantum foundations, our approach is also well suited as a quantum sensor or a microwave to optical transducer.
INTRODUCTION
In recent years, optomechanics has pushed the boundaries of quantum mechanics using micrometer-sized mechanical resonators. Among the most notable accomplishments were ground state cooling of mechanical motion [1] [2] [3] , measurements with a precision below the standard quantum limit [4, 5] , preparing mechanical resonators in non-classical states [6] [7] [8] [9] and entangling the mechanical state with the optical field [10] [11] [12] . Recently, the ultrastrong coupling regime was reached, where the coupling strength exceeds the decay rates of both resonators and is comparable to the mechanical frequency [13] . By further increasing the bare coupling, and reaching the single-photon strong coupling regime, it would be possible to truly harness the potential of non-linear quantum optomechanics. This regime, where the single-photon coupling strength, g 0 , exceeds both the linewidth of the cavity, κ, and the mechanical resonator, Γ m , (g 0 > κ, g 0 > Γ m ) opens the door to prepare quantum superposition states in a mechanical resonator [14] . To this date it was only achieved using resonators with a small mass [15] [16] [17] [18] . Reaching the single-photon strong coupling regime using massive mechanical resonators is of particular interest to investigate the classical to quantum transition [19] . However, since the coupling depends directly on the zero-point fluctuation of the resonator (inversely proportional to the mass), massive resonators generally exhibit much smaller couplings [14] .
A promising candidate for achieving single-photon strong coupling is microwave optomechanics, as it provides high quality cavities with much lower frequencies and is particularly well adapted to cryogenic opera- * equal contribution; david.zoepfl@uibk.ac.at † equal contribution ‡ gerhard.kirchmair@uibk.ac.at tion [20] . To date, the favored approach relies on a mechanically compliant element which modulates the capacitance of a microwave cavity. Ultimately bounded by the capacitor gap and the zero-point fluctuation amplitude of the resonator, state-of-the-art devices have reached couplings of a few hundreds of Hertz [14] . Achieving single-photon strong coupling presents extreme technological challenges in order to either increase the bare coupling strength g 0 or decrease the cavity linewidth substantially. A milestone towards such regime is to achieve single-photon strong cooperativity, defined as [14] : C 0 = 4g 2 0 /κΓ m > 1. There, a single photon in the microwave cavity provides significant back action on the mechanical resonator [21] , enabling single photon cooling. This regime was very recently achieved in the optical regime with massive resonators [22] , but remains challenging in the microwave regime due to the smaller coupling strengths.
Here we report on reaching a coupling strength in the kHz range, allowing us to demonstrate single-photon strong cooperativity between a microwave cavity and a massive mechanical resonator. To increase the coupling, we propose an alternative to most microwave experiments by magnetically coupling the mechanical resonator to the microwave cavity, an approach which gained attention recently [23, 24] . More specifically, our mechanical resonator is a single clamped beam -a cantilever -with a magnetic tip. In order to mediate the optomechanical interaction, we integrated a superconducting quantum interference device (SQUID) in a U-shaped microstrip resonator [25] to effectively obtain a microwave cavity sensitive to magnetic flux. The single-photon coupling strength, g 0 , is given by the change of the cavity frequency, ω c , induced by the zero-point fluctuation, x ZP M , of the mechanical resonator:
As ∂ω c /∂x is not directly accessible it is more convenient showing the thermal noise power spectrum from the cantilever when probing the cavity with a weak resonant microwave tone. A fit to the power spectrum gives ωm = 274 383.13(3) Hz and Γm = 0.3(1) Hz, the area below the curve (colored) corresponds to the motional energy of the cantilever mode. The sharp peak detuned ∼ 215 Hz away from the mechanical frequency is the calibration peak (see supplementary information).
to express the coupling in terms of external magnetic flux φ ext : The second part, ∂φ ext /∂x × x ZP M , gives the flux change induced by a zero-point motion of the mechanical cantilever. The first part describes the cavity frequency dependence on the flux through the SQUID loop. Remarkably, this also provides us with a direct control of the coupling strength.
EXPERIMENTAL SETUP
Our experiment is mounted to the base plate of a dilution refrigerator (see supplementary information). The microwave cavity is placed in a rectangular waveguide in order to provide a lossless microwave environment and control its coupling to the microwave probe tone traveling through the waveguide (see Fig. 1a ). We use the fundamental λ/2 mode with a current maximum at the center, the position of the SQUID loop (see Fig. 1 ). For the mechanical resonator we use a commercial atomic force microscopy cantilever having a nominal room temperature frequency of 350 kHz and a mass of a few tens of nanogram. To mediate the magnetic coupling to the cavity, we functionalized its tip with a strong micromagnet (NdFeB) and complete the sample by placing the cantilever 20(1) µm above the SQUID, Fig. 1c and d .
The microwave cavity response is obtained via transmission measurements through the waveguide, Fig. 1e (see supplementary information). A fit to the line shape [26] gives a maximal frequency ω c /2π = 8.167 GHz and a linewidth κ/2π = 2.8 MHz, where coupling to the waveguide and internal losses contribute equally to the linewidth with κ c /2π κ I /2π 1.4 MHz. The internal losses set a lower bound on the total linewidth. To control the cavity frequency, an external magnetic field is applied through the SQUID loop by using coils, Figure 1f . The slope of the flux map gives the sensitivity to mag-netic fields, ∂ω c /∂φ ext , which directly sets the coupling, see equation (1) . The mechanical resonator modulates the response of the microwave cavity at its frequency ω m . We use a microwave probe tone close to the cavity resonance which, in the bad cavity limit κ ω m , is amplitude modulated at the mechanical frequency. By performing a homodyne measurement we directly obtain the thermal noise power spectrum from the cantilever, Fig. 1g . A fit with a damped harmonic resonator model gives a mechanical frequency ω m = 274 383.13(3) Hz and a linewidth Γ m = 0.3(1) Hz.
MEASUREMENTS

Coupling with temperature ramp and with flux bias point
To extract the coupling between the microwave cavity and the mechanical cantilever, we measure the thermal noise power spectrum which is related to the bare coupling enhanced by the phonon number: g 0 √ n, but also to the transduction from the microwave cavity. To gain direct access to this transduction we apply a frequency modulation to the microwave probe tone [27] . Using such a calibration tone, Fig. 1g , the value of g 0 √ n is obtained from the power spectrum (see supplementary information). In addition, extracting the bare coupling g 0 requires knowledge of the phonon number. In the absence of optomechanical back action and excessive vibrations, we expect the mechanical mode to be thermalized with the cyrostat temperature, n th = 1/(e ωm/k b T − 1) k B T /( ω m ), where k B is the Boltzmann constant, T the temperature and the reduced Planck constant.
In order to verify that the mechanical mode is thermalized, we increase the temperature of our cryostat from 80 mK to 700 mK, Fig. 2a , and measure g 0 √ n. Keeping g 0 constant, we expect an increase in g 0 √ n due to an increasing phonon population with the cryostat temperature. By fitting the data assuming n = n th , we extract a bare coupling of g 0 = 48(1) Hz. To avoid any optomechanical back action, we chose a point of weak coupling along with a moderate microwave probe tone of −54.5 dBm (see supplementary information), as the photon enhanced coupling has to be considered for the back action. This assumption is verified by ensuring g 0 √ n is constant while varying the input power from −51.5 dBm to −57.5 dBm at 100 mK, see inset of Fig. 2a . Since we verified proper thermalization down to 80 mK, all the following measurements are done at 100 mK.
Next, we demonstrate the control of the coupling strength, g 0 ∝ ∂ω c /∂φ ext , by changing the external flux bias. Also, using fast flux control it is even possible to change g 0 on a time scale down to 100 ns [28] . To avoid any back action on the cantilever and maintain a thermal mode, we reduce the power in the microwave cavity according to the increasing flux sensitivity (see supplementary information). The measured coupling strength √ n with increasing cryostat temperature at a fixed sensitivity (see supplementary information). By fitting the data assuming the mechanical mode is thermalized with the cryostat temperature T , we can verify the mode is thermal and extract a bare coupling g0 = 48(1) Hz. The inset shows the independence of the value g √ n when changing the input power from −57.5 dBm to −51.5 dBm at 100 mK. b, Measurement of the bare coupling strength, g0, for different flux bias points. The solid line is the sensitivity predicted from the slope of the flux map ( Fig. 1f ). In the shaded region the coupling is sufficient to reach single-photon strong cooperativity, C0 > 1. a and b, the error bar denotes the standard deviation of multiple measurements (see supplementary information).
in dependence with the flux bias point is shown in Fig. 2b . The solid line depicts the sensitivity, which is extracted from the derivative of the flux map, Fig. 1f , where a fit to the data provides the flux change per phonon ∂φ ext /∂x × x ZP M = 1.60(5) µφ 0 . The main limitation for measuring higher couplings, in addition to increased flux instability during the 10 minutes measurement time, is the much lower signal as we reduce the incident probe power. For the highest couplings measured, g 0 ∼ 3 kHz, (7) Hz. a, Illustration of the cavity cooling mechanism for a pump tone ωp, red-detuned ∆ = ωp − ωc > 0 from the cavity frequency. In red and blue are the anti-Stokes and Stokes scattering processes respectively. b, Phonon number in the mechanical cantilever against detuning of the microwave tone for two different powers. The dashed line shows the thermal phonon number for the mode n th 7600. c, Change of linewidth and mechanical frequency against detuning from the microwave cavity. b and c, the error bar denotes the propagated fit error of multiple measurements (see supplementary information).
we achieve single-photon strong cooperativity, reaching C 0 10.
Back action: Heating and Cooling
While previous measurements were obtained with low enough input power to avoid back action, we discuss in the following the possibility to cavity cool the mechanical mode. By driving the microwave cavity red detuned (ω p < ω c ) inelasic anti-Stokes scattering is favored leading to cooling of the mechanical motion [14] (Fig. 3a ). In addition, such back action is accompanied by a broad- We plot the theoretical predictions with the fit parameters obtained for the fit to the phonon number in a. a and b, the hashed regions mark the region of dynamical instability. The y-error bar denotes the propagated fit error of multiple measurements, the x-error arises from our grouping method we apply to this data (see supplementary information).
ening of the mechanical linewidth and a frequency shift. Conversely, pumping blue detuned (ω p > ω c ) leads to heating of the mechanics and a decrease of the linewidth. Dynamical instability of the mechanical mode is reached when the linewidth approaches zero [29] . First, we demonstrate cavity cooling by operating at a low coupling, g 0 = 57(7) Hz. As expected, the back action increases with increasing input power, allowing us to achieve a nearly 8 fold decrease from the thermal phonon occupation n th 7600 to n = 970(130), Fig. 3b , accompanied by a linewidth and frequency change ( Fig. 3c ). Since we are in the bad cavity regime, the theoretical limit is given by n min = (κ/4ω m ) 2 6.5 [29] . Practically we are limited by the pump power we can apply due to the non-linearity of the microwave cavity arising from the Josephson Junctions. This non-linearity also prevents us from fitting the data to a simple model [30] .
To achieve single photon cooling, we use a more flux sensitive point where we expect a coupling g 0 = 2.3(3) kHz ( Fig. 2b) , which is well into single photon strong cooperativity with C 0 > 10. By using an input power of −66.5 dBm, for which we expect an average occupation of around a single photon in the microwave cavity, we clearly demonstrate cooling and heating of the cantilever mode, Fig. 4 . Due to the much lower input power, the non-linearity induced by the junction is sufficiently small and the measured phonon number can be fitted with a conventional model [29] . We note that we also include to the fit a frequency offset to accommodate the impedance mismatch of the cavity with the waveguide (see supplementary information). Interestingly, by fitting the experimental data we retrieve an independent measurement of the average photon number in the cavity, 0.9(2), and the bare coupling strength, g 0 = 2.46(8) kHz, in agreement with the coupling obtained in Fig. 2 , g 0 = 2.3(3) kHz. In terms of cooling, with 0.9(2) photon in the cavity, we reach 2430(310) phonons, corresponding to a cooling factor ∼ 3 for a nanogram-sized mechanical resonator. By increasing the incident power until the non-linearity was too severe, the lowest phonon number reached around 150 with ∼ 10 photons in average in the cavity.
CONCLUSION
To conclude, the novel approach for microwave optomechanics we demonstrate in this Letter relies on simple elements, namely a λ/2 superconducting resonator with an integrated SQUID for the cavity and a commercial cantilever for the mechanical resonator, providing an optomechanical g 0 in the kHz range. Benefiting from this improvement of one order of magnitude over the couplings achieved in the microwave regime so far, we could demonstrate reaching single photon-strong cooperativity and consequently efficiently cool the mechanical mode with less than a photon in the cavity. Furthermore, owing to the 3D architecture of this approach, it offers numerous opportunities to significantly improve the optomechanical coupling as well as decreasing the microwave cavity linewidth, clearly paving the way to enter singlephoton strong coupling. This would, most notably, facilitate preparing non-Gaussian states for a massive mechanical resonator which can be used to perform fundamental tests on quantum mechanics. In addition, our approach can be used in more practical applications such as force sensing [31] and microwave-to-optics transduction [32] .
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Methods
Sample preparation. Our sample consists of two separate chips: one with the microwave cavity and one with the mechanical cantilever. The microwave cavity, custom made by Star Cryoelectronics, consists of a Ushaped Niobium film on a Silicon substrate with a total length of 8 mm. To pattern the Josephson Junctions, a Nb/Al/Nb trilayer process is used. For the mechanical resonator we use commercial all-in-one tipless atomic force microscopy cantilevers from BudgetSensors with dimensions of 100 µm x 50 µm x 3 µm. Each cantilever is functionalized with a NdFeB strong micromagnet and then magnetized it with a 2 T magnet in order to present a magnetic moment normal to the SQUID loop to maximize the coupling. The complete sample is assembled under an optical microscope by aligning the tip of the cantilever with the SQUID loop of the microwave cavity and secure it using GE varnish. The cantilever used in this Letter was placed 20(1) µm away from the microwave cavity and was prepared with a micromagnet with a pyramidal shape with a triangular base with sides of approximately 28 µm and a height of 8 µm. To finish the preparation, the sample is inserted in a designated slot of our rectangular waveguide. We estimate the mass of the cantilever using two different methods. In one method we estimate the mass using the volume and known densities, where we estimate the cantilever and magnet size via the microscope picture, which gives a mass of 28 ng. Using the second method, we evaluate the effective mass using the known frequency and the nominal force constant provided by the manufacturer of the cantilever, where we evaluate 14 ng.
Measurement setup. We use a standard circuit QED setup (see supplementary information) and measure transmission through the microwave waveguide. To measure the cantilever, we apply a fixed frequency microwave probe tone and record the spectrum. We split the signal right after the signal generator, to provide on the one hand a local oscillator for the down-mixing and on the other hand a probe tone for the microwave cavity. The resulting homodyne signal is sent to a spectrum analyzer to retrieve the signal of the mechanical resonator. We temporarily stop the Pulse Tube Cooler of the cryostat during the measurements, which gives an approximate measurement time window of 10 minutes every 40 minutes. Supplemental information: Single-photon strong cooperativity in microwave magneto-mechanics
I. FULL MEASUREMENT SETUP
Here we describe the full measurement setup, illustrated in Fig. S1 . The setup allows to acquire a power spectrum using a fixed frequency probe tone and to do a vector network analyzer (VNA) measurement. To enable this, we combine the signals going to the cryostat and split them on the output using conventional power splitters.
When acquiring a power spectrum, we perform a homodyne down-mixing of the measurement signal using an IQ mixer. The calibration routine (see section II) requires to use the same frequency modulated probe tone for the local oscilator (LO) port of the mixer and the experiment going to the radio frequency (RF) port of the mixer. Furthermore the calibration routine requires equal electrical lengths in both lines, which we fine tuned using a variable phase shifter. Due to the cable length, amplification of the signal before the LO port is necessary to provide sufficient power to the mixer. For all measurements we kept the power output of the frequency generator fixed to −7 dBm and control the power sent to the cryostat by a variable attenuator. For most measurements we measure using the in-phase (I) port of the mixer. When operating off resonance, for some detuning the I quadrature vanishes, in this case we used the quadrature (Q) port.
By adding the attenuation of all the independent components on the cryostat input line, we get an approximate input attenuation, which allows us to estimate the incident power on the microwave cavity and hence the photon number. The input power we refer to throughout the manuscript is the input power at the top of the cryostat (Fig. S1 ). We estimate the additional attenuation from the top of the fridge to the sample with 63 dB. In addition, to control the flux bias point, we use a coil wound around the waveguide body, driven by a current source. The waveguide is made from copper and sits in a double layer mu-metal shield surrounded by a copper shield.
II. CALIBRATION METHOD TO DETERMINE THE OPTOMECHANICAL COUPLING
We follow the calibration method described in [1, 2] . The concept relies on frequency modulating the probe tone at a frequency similar to the mechanical frequency (ω mod ≈ ω m ). Due to this modulation, an additional sideband appears on the power spectrum which carries information on the transduction from microwave cavity. The magneto-mechanical coupling strength g 0 is then obtained as:
Here n is the average phonon number, S II are the intensity-intensity fluctuations in the power spectral density at ω m and ω mod , ENBW is the instrument effective noise bandwith and φ 0 is the modulation index of the frequency modulation. It is defined as ω Dev /ω mod , where ω Dev is the development of the modulation (over which frequency range the probe frequency is modulated). We note that this expression is valid if the transduction at ω mod is similar to the transduction at ω m . To extract the linewidth Γ m , we fit the mechanical peak in the homodyne spectrum with the model for a damped harmonic oscillator [2] :
with the approximation being valid for large occupation numbers, n 1. A key aspect for the calibration method to work, is that it requires an equal electrical length of the cable through the fridge to the RF port of the mixer and of the cable to the LO port. With this the phase of the frequency modulation in the LO and RF port of the mixer are identical and only the additional effect from the transduction of the microwave cavity is observed in the spectrum, which constitutes our calibration tone. We vary the development, ω Dev , accordingly to the input power to keep the absolute signal of the calibration tone at a similar level. For the temperature ramp we used 2 kHz, while for the cooling traces with single photon power we used 200 kHz. 
III. FULL CHARACTERIZATION OF THE MICROWAVE CAVITY
Here we present the full characterization of the microwave cavity using the circle fit routine [3] . The U-shaped microwave cavity in the waveguide constitutes a resonator in notch configuration. We measure the cavity in transmission, which is described by the following model [3] :
Here Q l is the total quality factor, ω c is the cavity frequency and Q c is the coupling quality factor. In addition, φ 0 accounts for an impedance mismatch in the microwave transmission line before and after the resonator, which makes Q c a complex number (Q c = |Q c |e −iφ0 ). The real part of the coupling quality factor determines the decay rate of the resonator to the transmission line, in our case the emission to the waveguide. The physical quantity is the decay rate, κ, which is inversely proportional to the quality factor [4] and therefore the real part is found as: 1/Q Re c = Re(1/Q c ) = cos φ 0 /|Q c |. Knowing Q Re c and Q l , the internal quality factor can be obtained, as 1/Q l = 1/Q Re c + 1/Q int [4] . Plotting the imaginary versus the real part of S 21 forms a circle in the complex plane. Equation S3 represents an isolated resonator, not taking effects from the environment into account. Taking the environment into account, which arises by including the whole measurement setup before and after the cavity (Fig. S1) , Equ. S3 becomes [3] :
Here a and α are an additional attenuation and phase shift, independent of frequency and τ is the electrical phase delay of the microwave signal over the measurement setup. In Fig. S2 we show the full circle fit data of the microwave cavity. The results of the fitting routine are given in table I. The measurement is performed at 100 mK and at the highest frequency of the flux map. At this frequency the cavity is most insensitive to flux, hence we do not expect any influence of the cantilever on the parameters extracted.
IV. MEASUREMENT PROTOCOL AND DATA TREATMENT
Common procedure for all data Here describe how we measure and analyze the data. Several steps are common for all measurements. More specific routines required for individual measurements are described afterwards. For the measurements of the back action, there are slight modifications to the common steps, pointed out in the dedicated sections.
For all the measurements of the mechanical resonator we switched off the Pulse Tube Cooler of the cryostat, which gives us a measurement time window of around 10 minutes. We measure the mechanical resonator with the spectrum analyzer using a instrument bandwidth of 0.1 Hz. We use a span of 800 Hz centered around the mechanical frequency and set the number of points according to the bandwidth to 8001. It takes approximately 10 s to take a single trace and we take 40 consecutive traces in one measurement window. We then average 4 traces on top of each other and fit them with the model for a damped harmonic oscillator Eq. S2. We extract the coupling, using the calibration tone. The calibration peak is within the measurement span of the spectrum and therefore measured simultaneously. For all measurements, except the back action measurements, we take a VNA scan before and after the spectrum analyzer measurements. This is done to ensure that the cavity did not move in frequency due to flux noise during the data acquisition. For the back action measurements, we take a low power VNA sweep simultaneously with each spectrum to determine the exact cavity frequency.
Temperature ramp
The temperature ramp in Figure 2a of the main body demonstrates that the mechanical system is thermalized, which allows us to evaluate the phonon number for a given temperature. This is necessary since in the experiment we only have access to g 0 √ n, with n being the phonon number: the knowledge of the phonon number is required to extract g 0 . To trust the extracted values, the coupling g 0 has to be the same for measurements at different temperatures. In Figure 2b of the main body, we show that the coupling depends on the flux bias point. Hence we have to work at the same flux bias point at all temperatures. We observe that the maximum of the flux maps increases with temperature. To compensate for this, we perform the measurements 15.6 MHz below the maximum frequency at each temperature. This ensures that g 0 is the same for all measured temperatures. The flux maps for 100 mK and 700 mK are shown in Fig. S3 , where the shift with temperature is clearly visible comparing the insets. Furthermore we see that the linewidth reduces for higher temperatures. Something which has been observed and is usually explained with the saturation of lossy two level defects by temperature [5] . This leads to an increase of the internal quality factor with cryostat temperature, shown in Fig. S4 .
At 100 mK we extract a maximum cavity frequency of 8.1676 GHz by performing a circle fit, which gives a measurement frequency of 8.152 GHz. At 700 mK we extract a highest frequency of 8.1694 GHz.
For the temperature ramp, we set the microwave probe tone on resonance with the cavity. As shown in the main part of the manuscript, we ensure that the measurement power is low enough to avoid any back action on the mechanical system. The comparably low coupling (low flux sensitivity) limits the effect flux noise. We perform the measurements for each temperature over one Pulse Tube off period, which gives us 10 values after averaging in groups of 4 the spectrum traces. These 10 values are used to build up statistics. The error shown in the plot of the main manuscript is the standard deviation of those 10 values. We took the measurements for the temperature ramp over several days in a non-ordered fashion. 
Adjustable flux point
Here we measure the increase of the bare coupling strength, g 0 , by changing the flux sensitivity of the microwave cavity. The back action on the mechanical cantilever increases linearly with the coupling and also depends on the number of circulating photons, g 0 √ n photon [6] . As a result, to faithfully extract the bare coupling g 0 we have to work in a regime without back action, as we only have access to g 0 √ n (with n being the number of phonons) in the measurement and back action would change the phonon number. To ensure no back action, we lower n photon as we increase the flux sensitivity to keep g 0 √ n photon approximately constant. We approximate the change of g 0 by the slope of the flux map and reduce the input power accordingly. In table II we give the input powers for all measurements. For the more flux sensitive points, we took several measurements with slightly different power due to the poor signal to noise ratio. An important measure for back action is the linewidth of the mechanical resonator, which changes in case of back action. Hence we made sure that the linewidth remains the same for all the measurements (Fig. S8(a) ). For this measurement, we set the probe tone in resonance with the microwave cavity and again average four data traces before fitting. Due to the low signal to noise ratio and high flux (noise) sensitivity, especially for the data with high coupling, it is necessary to apply rejection criteria. We apply those criteria to all data, and only consider data, which passes all criteria. We require, that the highest data point must not be more than 4 dB from the maximum of the fit. Furthermore, the maximum of the fit must be at least 4 dB above the noise floor. Lastly, we ignore a complete data set if more than 25% fail the two criteria. Hence we enforce at least 7 averaged data traces for each measured coupling, which we use to build up statistics (the error shown in the plot of the main manuscript is the standard deviation of those points). These criteria ensure that we can trust the data points we extract from the fit. Small modifications of the criteria show the same (qualitative) results. The main limitation for the measurements at high g 0 is the low signal to noise. Additionally, flux noise might slightly detune the cavity frequency, which reduces the signal further. When measuring on resonance with the cavity, the calibration tone is strong enough, despite the low 
Back action weak coupling
For this measurement we measure the mechanical cantilever with a probe tone sweeping the cavity resonance. We do this at higher powers to get back action. The coupling is at a similar value as for the temperature ramp, which makes flux noise during the measurement not significant. For each measurement, to ensure we are operating at the same flux bias (compensating drifts over the full day) we tune the cavity frequency using the VNA before each measurement while the probe tone switched on (always at the same frequency). For the measurements itself we detune the probe tone to the intended frequency. We average at least 4 traces on top of each other before fitting. We apply the same goodness of fit and data criteria as for the measurements on the adjustable flux point, which are that the maximum of the data and the maximum of the fit are not allowed to be more than 4 dB apart and the maximum of the fit has to be at least 4 dB above the noise floor. We also require that for each detuning at least one averaged data trace consisting of four consecutive traces pass those criteria. We additionally check the average height of the calibration tone, which has to be above −130 dBm. Especially in regions far off resonance, the transduction of the microwave cavity is low, which limits the height of the calibration tone. In addition there can be spurious effects on the calibration peak. This can be due to slightly different electrical lengths of the cable through the experiment to the RF port and of the cable to the LO port of the mixer. We also observed leakage in the mixer itself, which leads to a spurious calibration peak as well. Those effects motivate to put a constraint on the calibration peak. In contrast to all the other measurements, we used the spectrum analyzer with a 0.2 Hz bandwidth. This doubles the amount of data we can take within one Pulse Tube off measurement window. The error shown in the main body is the propagated fit error. Using the standard deviation instead, as for the measurements without back action, gives qualitative very similar errors.
Back action single-photon strong cooperativity
For the back action measurement with high coupling, where the system is highly flux sensitive, we suffer from flux drifts, which do not allow for a stable operation over the full 10 minutes measurement time. A first modification is that we only take 10 spectrum analyzer traces instead of 40. In addition we acquire a VNA trace in parallel to the spectrum. To avoid any impact of the VNA measurement, we measure with around 10 dB less than the probe tone. We fit this VNA traces with a Lorentzian to extract the resonance frequency of the microwave cavity ( Fig. S5) for each data trace. Doing this fit, we cut out a 2 MHz window around the pump, as well as a small window 6 MHz below the pump frequency as the VNA shows a spurious pump component there. As the signal to noise ratio is low, especially in the regions with larger detunings, additional averaging is required. We do this by grouping the data with similar detuning in bins and again averaging at least four traces on top of each other. We decided for bin sizes of 1 MHz. The size of each bin against the detuning is plotted in Fig. S6 . To obtain the frequency detuning of each bin, we take the average of the detunings in each bin, known from the Lorentzian fit. Changing the sizes of the bins does not give any qualitative difference on the data. The standard deviation of the detunings to the mean value is used as a x-error for each bin. Similar to before, we perform several checks, which we apply to all the data. If the data fails one of the checks, we reject it in the analysis. We check the calibration tone, the goodness of the fit and require a bin to contain at least four data traces. The calibration tone suffers from similar issues than in the weak coupling measurement, which are even more pronounced due to the weaker probe power. To test if there is a spurious calibration peak, we detune the microwave cavity after each measurement to have ideally no calibration peak, increase the development of the frequency modulation from 200 kHz to 500 kHz and measure the spurious calibration peak. If it is above −130 dBm we disregard the data set all together. We also re-calibrate if necessary before each measurement using the variable phase shifter. For each bin we also require that the mean of the calibration is above −130 dBm, where we used a development of 200 kHz. Similar to before, we test the goodness of the fit by limiting the distance between the highest data point and maximum of the fit to 4 dB. Furthermore, we require that the maximum of the fit has to be at least 4 dB above noise floor. Only if a data point (consisting of at least four traces) passes all of these tests, we consider it in the analysis. As in the weak coupling we use the propagated fit error as the error for the y-axis. relative to the frequency measured at 100 mK. We extract this data by fitting the power spectrum with the model for a damped harmonic oscillator [2] . The error is the standard deviation of 10 data points, each obtained by fitting four averaged traces. In (b) it is too small to be visible.
V. MECHANICAL LINEWIDTH AND FREQUENCY DEPENDENCE ON TEMPERATURE
Next to an increase in phonon number, when increasing the temperature of the cryostat, we also observe an increase in linewidth and shift in frequency of the mechanical cantilever, Fig. S7 . In the measured temperature range from 80 mK to 700 mK we measure a more than three fold increase of the mechanical linewidth. A similar trend has been observed in other mechanical systems [7] , explained with a change of material properties. We also measure a change of mechanical frequency with temperature, which is likely also related to changing material properties.
VI. ADDITIONAL DATA TO THE MEASUREMENT OF THE ADJUSTABLE COUPLING
Mechanical linewidth and frequency in dependence of the coupling
Here we show the mechanical linewidth and frequency shift with the coupling, g 0 , which is set by the flux bias point of the microwave cavity. A change in the linewidth with the coupling strength would imply that we induce back action on the mechanical system by measuring with too high power. In Fig. S8(a) we see that the linewidth remains constant at the value we expect for no back action. This proves that we do not induce back action and we can trust the coupling value we extract since it assumes a thermalized mechanical mode. In Fig. S8(b) we show the change of the mechanical frequency with the coupling strength. Despite the cantilever being a mechanical resonator, it can be modeled as an LC resonator which results in a system of two inductively coupled LC resonators. In case one inductance changes -which is the case when we tune the frequency of the microwave cavity -it leads to a change of the effective inductance of the other resonator. This leads to a frequency change and explains why the frequency of the mechanical resonator depends on the frequency of the microwave cavity.
Cavity linewidth and cooperativity for different coupling
Here we show how the cavity linewidth changes with the flux bias point (which sets the coupling strength). In combination with the change of coupling (see main manuscript), this allows to extract the cooperativity for each coupling point.
We extract the linewidth of the cavity in dependence of the flux bias point by circle fitting the individual measurements of the flux map. To record this flux map, we switched off the Pulse Tube Cooler, to avoid other excitation of the cantilever than from its thermal environment. We show the measured linewidth in Fig. S9 . The linewidth for the most flux sensitive points increases from around 3 MHz at the most flux insensitive point to around 10 MHz. S9. (a) Linewidth of the microwave cavity against its frequency which is adjusted by the flux bias point. We fit this using a polynomial fit (red line). The linewidth increases due to increasing flux noise. (b) Single-photon cooperativity against cavity frequency (flux bias point). We extract g0 from the measurement shown in the main paper, which allows to calculate the cooperativity (solid line) in combination with the information shown in (a). The data points are the measured cooperativity using the extracted coupling and microwave linewidth at this point and the mechanical linewidth. The dashed line shows where we enter single-photon strong cooperativity.
the cantilever we expect a broadening of the linewidth due to its impact given by g 0 √ n 0.25 MHz at the highest coupling with g 0 3 kHz. Hence the broadening of the linewidth is substantially bigger than expected from the cantilever and we attribute this to additional flux noise. This also reduces the cooperativity, which directly depends on the linewidth.
The single-photon cooperativity against the flux bias point (microwave cavity frequency) is shown in Fig. S9(b) . The cooperativity is given by C 0 = 4g 2 0 /(κΓ m ), thus it is directly influenced by the increasing cavity linewidth κ with the increasing flux sensitivity. For the data points shown in the plot, we extract the cooperativity using the direct measurement of g 0 as well as κ from a direct VNA measurement. For the solid line, we use the fit of g 0 against the flux point (see main manuscript) as well as the fitted cavity linewidth shown in panel (a). The dashed line indicates
